New simple phosphite, phosphonite and phosphonate chiral ligands derived from DIMPTH(OH)2 and rigid bis-DIMPTH(OH)2 were prepared with moderate to good yields (35-86%) from readily available starting materials. The syntheses of the new chiral ligands required the use of Et3N as base, since the use of more nucleophilic DIMPTH(OH)2 alkoxides precluded the formation of the ligands. Representative ligands of each family were evaluated in the asymmetric copper catalyzed addition reaction of Et2Zn to 2-cyclohexenone, 2-cyclopentenone and acyclic -unsaturated ketones. Noteworthy, the less hindered and simple phosphonate ligand derived from DIMPTH(OH)2 induced enantioselection in the more difficult asymmetric reactions.
Introduction
Natural occurring carbohydrates are abundant and readily available starting materials that have been widely used as molecular scaffolds for the construction of chiral ligands for asymmetric catalysis.
1 On the other hand, chiral trivalent phosphorus derivatives are extremely important ligands in transition-metal mediated asymmetric catalytic reactions, such as asymmetric Michael additions, asymmetric allylic substitutions and asymmetric hydrogenations among other important transformations.
2 Although some well established trends can be followed for every type of reaction, it is nowadays clear that the chiral ligand employed in the asymmetric transformation is one of the most important issues to be considered in order of achieving appropriate asymmetric induction. In this regard, TADDOL (, , ´, ´-tetraphenyl-1,3-dioxolane-4,5-dimethanol) and its derivatives are a well known family of compounds that have been used as chiral ligands in several relevant stereoselective transformations. 3 TADDOL phosphites and phosphonites are interesting chiral ligands that have successfully been used in the copper catalyzed enantioselective conjugate addition of Et2Zn to different acceptors. Among the several different TADDOL phosphorus ligands that have been prepared and evaluated in asymmetric catalysis, compounds 1 and 2 proved to be useful in the asymmetric conjugate addition of Et2Zn to cyclic enones, chalcones and nitroalkenes. TADDOL on which the aryl moieties have been replaced by alkyl groups have received, however, little attention compared with the ´-tetraryl compounds. In particular, DIMPTH(OH)2 3 (,,´,´-tetramethyl-1,3-dioxolane-4,5-dimethanol), which is a TADDOL analogue bearing four methyl groups in the ´-positions, has scarcely been studied. Although DIMPTH(OH)2 is a known compound, phosphorus ligands derived from 3 have only recently been obtained and evaluated in asymmetric catalysis. 7 It has been shown that aryl-phosphonites derivatives of DIMPTH(OH)2 are effective monodentate ligands for the asymmetric hydrogenative aldol coupling of vinyl ketones. Noteworthy, this is the only report on the synthesis of phosphorus (III) derivatives of DIMPTH(OH)2 and it was demonstrated that, by a careful selection of the ligands substructures, high chemical and optical yields can be achieved. In this work it was also indicated that increasing the steric hindrance in the carbinol moiety can result in decreased reactivity. 7 A distinctive reaction outcome was observed in the chlorination reactions of TADDOL and DIMPTH(OH)2 with SOCl2.
8 Depending on the reaction temperature, TADDOL reacts with excess of SOCl2 affording the corresponding dichlorinated product and cyclic sulphite, that is formed by intramolecular substitution. 8a The formation of the di-halogenated product is favored at higher temperatures, while cyclic sulphite is formed as the only product at -40°C. On the other hand, the reaction of DIMPTH(OH)2 with SOCl2 affords the cyclic sulphite as the only product, regardless of the temperature used.
8b An unexpected rearrangement was also observed in the reaction of DIMPTH(OH)2 with TiCl4. 9 In the last years it has been shown that rigid bis-TADDOL derivatives can successfully be used in photochemical and organocatalytic enantioselective transformations.
10 Despite the fact that NMR studies on the host-guest behavior of bis-TADDOL compounds have been performed, and given the utility of these derivatives as organocatalysts, phosphorus chiral ligands derived from bis-TADDOL have not yet been prepared. 11, 12 Furthermore, it has been suggested that the spatially favorable arrangement on this family of compounds could positively influence the asymmetric induction ability.
The recent successful use of DIMPTH(OH)2 phosphites in asymmetric catalysis and the limited available information on the chemistry of DIMPTH(OH)2 and bis-DIMPTH(OH)2 induced us to obtain some simple DIMPTH(OH)2 and rigid bis-DIMPTH(OH)2 phophite and phosphonite chiral ligands that could find application in metal-catalyzed enantioselective 1,4-addition reactions. 13, 14 Results and Discussion TADDOL phosphites and phosphonites are interesting chiral ligands that have been used mainly in the copper catalyzed enantioselective conjugate addition of Et2Zn to cyclic enones, enones, nitroalkenes and chalcones. Although DIMPTH(OH)2 is a known compound, its use in enantioselective synthesis has only scarcely been studied.
Starting from L-(+)-tartaric acid, DIMPTH(OH)2 3 was easily obtained in good yield following known methodology. 15 The new bis-DIMPTH(OH)2 5 derivative was obtained in high yield (96%) by the reaction of bis-acetonide 4 with MeMgCl (equation 1). 
The increased steric hindrance on the ´-positions of DIMPTH(OH)2, along with the distinctive reaction outcome of the DIMPTH(OH)2 skeleton, early suggested that the syntheses of the ligands might not be so simple as suggested by the initial screening of the DIMPTH(OH)2 structure.
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The most widely used method for the synthesis of cyclic phosphites involves the initial formation of the (RO)2P-Cl intermediate 6 in the presence of Et3N to trap the formed HCl, followed by the addition of the alcohol (equation 2). 16 With this simple method, phosphites 7 and 8 were obtained in 58 and 86% yield respectively. 
It was reported that the reaction of the TADDOL bis-lithium alkoxide, obtained by reaction of TADDOL and n-BuLi, with PCl3 is an alternative useful method for the preparation of the (RO)2P-Cl intermediate that avoids the formation of the ammonium salt. This method failed with compounds 3 and 5 and, consequently, ligands 7 and 8 could not be isolated from the complex reaction mixtures following this approach.
The synthesis of cyclic phosphonites chiral ligands derived from TADDOL is usually accomplished by the reaction of the bis-lithium alkoxide of TADDOL with commercially available Cl2PR (R:alkyl, aryl) or by the reaction of the (RO)2P-Cl intermediate with organolithium reagents. 17 The first and classical method involving the generation of bis-lithium alkoxide of DIMPTH(OH)2 afforded a complex reaction mixture from which the cyclic phosphonites could not be isolated. After several attempts, chiral ligands 9 and 10 were obtained in moderate yield by the reaction of 3 and 5 with Cl2PPh in the presence of Et3N as base (equation 3). Chiral phosphonate 9 is probably formed from the parent phosphonite by oxidation during column chromatography purification.
To gain information into the potential of the ligands, these compounds were tested in the copper-mediated enantioselective conjugate addition reaction. In this regard, the copper catalyzed conjugate addition of Et2Zn to 2-cyclohexenone, (equation 4), is nowadays one of most classical carbon-carbon bond-forming reactions used to evaluate new phosphorus chiral ligands. The effect of the solvent, the temperature and the copper source for this reaction were all studied in detail. 18 The optimization of the reaction conditions were performed using ligand 10 and Cu(OTf)2, Cu(OAc)2, CuI, and CuCN as copper sources (Table 1) .
As shown in table 1, reactions proceed with complete conversion although low ee% values were obtained in all cases, regardless of the solvent and copper source. In toluene all reactions proceeded to completion at reasonable reactions times (entries 1-4 in Table 1 ), in agreement with the data reported in the literature. With the exception of CuCN, the reactions required up to 66 h to be completed in CH2Cl2 (entries 5-8 in Table 1 ). In diehyl ether the reactions carried out with CuI and CuCN were slow, while the reactions with Cu(OTf)2 and Cu(OAc)2 were concluded in 23 h (entries 8-12 in Table 1 ). Accordingly, toluene as solvent and Cu(OTf)2 as the copper source were used for the evaluation of the others ligands (entry 1 in Table 1 ). a Isolated product yield (complete reactions thin layer chromatography). b ee % were measured by gas chromatography with an Astec Chiralex G-TA column 40 m x 0.25 mm x 0.12 m film thick, carrier gas: helium. Absolute stereochemistry was not determined. In all cases the major enantiomers were the same (shorter retention time, see Experimental Section).
c At 24 h of reaction, additional 1.5 mol% of CuCN was added.
d At 42 h of reaction, additional 0.8 mol% of Cu(OTf)2 was added.
e At 42 h of reaction, additional 0.5 mol% of Cu(OAc)2 was added.
f At 24 h of reaction, additional 10 mol% of CuI was added.
g At 24 h of reaction, additional 10 mol% of CuCN was added.
As we previously indicated, in the optimized conditions ligand 10 afforded the addition product with high yield but with low ee% (entry 1 in Table 2 ). Similar results were obtained with phosphite ligand 8 and phosphonate ligand 9 (entries 2 an 3 in Table 2 ). Phosphite ligand 7 proved to be less reactive, and moderate yield and low ee% were obtained using Cu(OTf)2 (20 h) or Cu(OAc)2 (1.5 h) as the copper source (entries 4 and 5 in Table 2 ).
As expected, the more demanding and reactive 2-cyclopentenone 13 (equation 5) afforded high chemical yields of the conjugate addition product 14 with low ee% values (entries 6-9 in Table 2 ). 
Alkyl substituted acyclic enones, such as (E)-4-phenylbut-3-en-2-one 15a and (E)-4-(4-methoxyphenyl)but-3-en-2-one 15b, have been less studied in copper-mediated asymmetric conjugate addition of Et2Zn (equation 6). Due to s-cys and s-trans interconversion this type of substrates are more demanding and they usually require different ligands than those that proved to be successful with cyclic enones.
When TADDOL phosphonite ligand 1 was evaluated in the copper-catalyzed enantioselective conjugate addition of Et2Zn to (E)-4-phenylbut-3-en-2-one, the racemic addition product was obtained after 24 h of reaction at -5 ºC (8% yield). Rigid phosphonite 10 and phosphite 8 and DIMPTH(OH)2 phosphonate 9 and phosphite 7 proved to be more reactive than the reported TADDOL phosphonite and good yields of the addition product were obtained in short reaction times (entries 10-13 in Table 2 ). In clear contrast with the data reported in the literature, 5a noticeable asymmetric induction was observed with simple ligands 8, 9 and 10. Deactivated (E)-4-(4-methoxyphenyl)but-3-en-2-one 15b was less reactive than (E)-4-phenylbut-3-en-2-one 15a, and prolonged reaction times and increased temperatures were required to obtain addition product 16b with acceptable yields (entries 14-24 in Table 2 ). As expected, lower ee % values and higher yields were obtained when the temperature was increased (entries 15, 18 and 24 in Table 2 ). Noteworthy, enantiomeric excess of up to 47 ee % were obtained with the new and simple phosphonate 9 within reasonable reaction times using diethyl ether as solvent (entries 19 and 20 in Table 2 ). (20) a Yields were determined by gas chromatography by the internal standard method using authentic samples with a HP5 column, 30 m x 0.32 mm x 0.12 m film thick, carrier gas: nitrogen. b ee % were measured by gas chromatography with an Astec Chiraldex G-TA column, 40 m x 0.25 mm x 0.12 m film thick, carrier gas: helium. Absolute stereochemistry was not determined. In all cases the major enantiomers (products 12, 14, 16a and 16b) were the same (shorter retention time, see Experimental Section). 
This interesting result suggest that the less hindered and simple phosphonate ligand derived from DIMPTH(OH)2 9 might be enough to induce enantioselection in difficult asymmetric reactions.
In summary, in this work four new different phosphates, phosphonites and phosphonates of DIMPTH(OH)2 and bis-DIMPTH(OH)2 have been designed and prepared. The chiral ligands were obtained in good to moderate yields. The results obtained in the copper-catalyzed asymmetric addition of Et2Zn to cyclic enones indicate that these ligands are not useful in this type of transformation. On the other hand, when the more demanding acyclic enones are used as substrates, acceptable yields of the addition products with enantiomeric excesses of up to 47 ee % were obtained.
Conclusions
The chemistry of DIMPTH(OH)2, the tetramethyl TADDOL analogue, has scarcely been reported in the literature. Moreover, only few examples of the synthesis and evaluation of phosphorus chiral ligands derived from DIMPTH(OH)2 have been informed. In this work we prepared four new cyclic phosphite, phosphonites and phosphonates derived from DIMPTH(OH)2. Furthermore, two chiral ligands derived from rigid bis-DIMPTH(OH)2 scaffold were obtained. The synthesis of the chiral ligands is not simple and a specific set of reaction conditions is needed in each case in order to obtain the required ligands with acceptable to high yields (35-86%). All the methods that involve the formation of DIMPTH(OH)2 alkoxides failed and the reactions were successful only in the presence of Et3N for HCl trap. The preliminary results obtained in the copper-catalyzed asymmetric addition of Et2Zn to (E)-4-phenylbut-3-en-2-one and (E)-4-(4-methoxyphenyl)but-3-en-2-one suggest that at least one of the ligands may find application in asymmetric catalysis.
Experimental Section

General.
1 H NMR and 13 C NMR were performed in CDCl3 on a Bruker AV 300 spectrometer and referenced with the residual solvent signal.
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P NMR spectra were obtained in the same equipment and were referenced to external H3PO4. Coupling constants (J) are given in Hz. High resolution mass spectra (ESI) were taken on Bruker Daltonics MicroTof at the mass spectrometry facility of the Instituto de Química Rosario, Universidad Nacional de Rosario-CONICET. Chiral GC analyses were performed in Shimadzu GC-17A gas cromatograph coupled to Shimadzu QP 5000 mass spectrometer using an Astec Chiraldex G-TA column (40 m x 0.25 mm x 0.12 m) (carriers gas: helium). Melting points were measured on a Büchi B-540 melting point apparatus. Pre-coated aluminum plates (silica gel, 0.25 mm, UV and iodine detection) were used in TLC analyses and silica gel (200 mesh) was used for flash column chromatography purifications. Solvents for chromatography were purified following standard methods. THF and diethyl ether were distilled under nitrogen atmosphere from sodium benzophenone ketyl inmediately before use. CH2Cl2 was distilled under nitrogen atmosphere from P2O5 inmediately before use. Toluene was distilled from sodium chips under inert atmosphere and stored over molecular sieves (4 Ǻ). Et3N was distilled from calcium hydride under inert atmosphere of nitrogen and stored over molecular sieves (4 Ǻ). Methanol was refluxed over CaSO4 and stored over molecular sieves (4 Ǻ In a flame and vacuum dried 100 mL two necked round bottomed flask equiped with a reflux condenser, a magnetic stirrer and a rubber septum were added under nitrogen atmosphere THF (30 mL) and 9.2 mL of MeMgCl THF solution (3 M, 27.64 mmol). The solution was warmed to 50 ºC and a solution of 4 (1.5 g, 3.07 mmol) in 10 mL of THF was added with a syringe in 10 min with strong stirring. The reaction mixture was heated at reflux for 5 h and stirred at room temperature for 18 h. The reaction mixture was cooled in an ice bath and quenched by the slow addition of saturated NH4Cl (30 mL). The crude reaction was extracted with EtOAc (3 x 30 mL), the organic phase was dried (MgSO4) and the solvent removed at reduced pressure to afford a solid that was purified by column chromatography using hexanes/ EtOAc (80 : 20) as elution solvent. Compound 5 was obtained as white solid (1.275 g, 96%), mp: 139-145 ºC.
1 H NMR (300 MHz, CDCl3) : 3.76 (s, 4H), 2.63 (s, 8H), 1.25 (s, 24H). 13 
Synthesis of ligand (7)
A flame and vacuum dried 10 mL Schlenk flask equipped with a rubber septum and magnetic stirrer was cooled in an ice bath and 3 (70 mg, 0.32 mmol) and 2.0 mL of CH2Cl2 were added under inert atmosphere of nitrogen. Et3N (153 L, 1.09 mmol) was slowly added and the reaction mixture was stirred for 10 min at 0 ºC. The reaction was allowed to reach room temperature and stirred for further 10 min. After cooling again to 0 ºC neat PCl3 (30 L, 0.33 mmol) was added and the reaction mixture was stirred at this temperature for 10 min and then 10 min at room temperature. The Schlenk flask was cooled to 0 ºC and methanol (28 L, 0.70 mmol) was added. The reaction was allowed to reach room temperature and stirred for 22 h. The reaction solvent was removed under vacuum and the crude reaction mixture was directly purified by column chromatography using hexane/Et3N (96 : 4) as elution solvent. Compound 7 was obtained as a viscous oil (52 mg, 58%). 
Synthesis of ligand (8)
A flame and vacuum dried 5 mL Schlenk flask equipped with a rubber septum and a magnetic stirrer was cooled in an ice bath and 5 (50 mg, 0.12 mmol) and 2.0 mL of CH2Cl2 were added under inert atmosphere of nitrogen. Et3N (110 L, 0.79 mmol) was slowly added and the reaction mixture was stirred for 10 min at 0ºC. The reaction was allowed to reach room temperature and stirred for further 10 min. After cooling again to 0ºC, neat PCl3 (21 L, 0.24 mmol) was added and the reaction mixture was stirred at this temperature for 10 min and then 10 min at room temperature. The Schlenk flask was cooled to 0ºC and methanol (20 L, 0.5 mmol) was added. The reaction was allowed to reach room temperature and stirred for 22 h. The reaction solvent was removed under vacuum and the crude reaction mixture was directly purified by column chromatography using hexane/Et3N (96 : 4) as elution solvent. 
Synthesis of ligand (9)
A flame and vacuum dried 10 mL Schlenk flask equipped with a rubber septum and magnetic stirrer was cooled in an ice bath and 3 (70 mg, 0.32 mmol) and 2.0 mL of CH2Cl2 were added under inert atmosphere of nitrogen. Et3N (153 L, 1.09 mmol) was slowly added and the reaction mixture was stirred for 10 min at 0 ºC. The reaction was allowed to reach room temperature and stirred for further 10 min. After cooling again to 0 ºC neat Cl2PPh (57 L, 0.42 mmol) was added, the reaction mixture was allowed to reach room temperature and stirred for 22 h. The reaction solvent was removed under vacuum and the crude reaction mixture was directly purified by column chromatography using hexane/Et3N (96 : 4) as elution solvent. 
Synthesis of ligand (10).
A flame and vacuum dried 25 mL Schlenk flask equipped with a rubber septum and magnetic stirrer was cooled in an ice bath and 5 (240 mg, 0.56 mmol) and 8.0 mL of CH2Cl2 were added under inert atmosphere of nitrogen. Et3N (800 L, 5.72 mmol) was slowly added and the reaction mixture was stirred for 10 min at 0 ºC. The reaction was allowed to reach room temperature and stirred for further 10 min. After cooling again to 0 ºC neat Cl2PPh (196 L, 1.44 mmol) was added, the reaction mixture was allowed to reach room temperature and stirred for 22 h. The reaction solvent was removed under vacuum and the crude reaction mixture was directly purified by column chromatography using hexane/Et3N ( 
Procedure for the conjugate additions
In a flame and vacuum dried 5 mL Schlenk flask equipped with a magnetic stirrer and a rubber septum were added Cu(OTf)2 (1.81 mg, 0.5 mol%), the solvent (2 mL) and the chiral ligand (1 mol%). The mixture was stirred for 90 min at room temperature. The reaction flask was cooled to the required temperature and Et2Zn (1.2 mmol, 1.2 mL from 1 M solution in heptane) was added with a syringe. The enone (1 mmol) was added neat to the reaction mixture and after stirring for the indicated times and temperatures the reactions were allowed to reach room temperature. Saturated NH4Cl (10 mL) was added and the reaction was extracted three times with CH2Cl2 (1.5 mL each). The combined organic phases were dried (MgSO4) and the solvent removed under reduced pressure. Purification of the addition product was performed by column chromatography using hexane/Et2O mixtures. 
3-Ethyl-cyclohexanone (12
